Introduction E sophageal cancer is one of the most common malignancies and leading causes of death worldwide, and it has a tendency to develop quickly, metastase early, and respond poorly to chemoradiotherapy; thus, the 5-year survival rate has been estimated at a very low 10-41%.
(1-3) Esophageal cancer has two primary histological types, esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC). The former is predominant in east countries, including Japan and China, with a proportion of more than 90% of all esophageal cancers. (4) Despite the rapid advances in adjuvant treatment of ESCC, histologic response to chemoradiotherapy is still the major determinant that is associated with survival rate.
(5) Therefore, the search for a biological marker for ESCC that is predictive of chemoradiosensitivity is of clinical significance. Apurinic/apyrimidinic endonuclease-1 (APE-1) is a key enzyme responsible for DNA base excision repair (BER). Apurinic/apyrimidinic (AP) sites arise from DNA damage induced by reactive oxygen/nitrogen species (ROS), drug use or radiation. The presence of AP sites is known to block DNA synthesis or lead to mutations or genetic instability. (6) Sensitivity to chemoradiotherapy is increased through the reduction of BER function caused by the downregulation of APE-1 activity. (7) Previous studies have reported APE-1 expression in several cancer tissues. (8) (9) (10) (11) (12) (13) (14) (15) However, there are no available reports regarding APE-1 expression in ESCC tissue.
The NF-κB signaling pathway is involved in cell proliferation, survival, and angiogenensis, and previous studies have reported that it played an important role in the genesis and development of esophageal cancer. (16) Then, a recent study revealed that inhibition of NF-κB increased the sensitivity of ESCC to chemoradiotherapy. (17) Therefore, the relationship between NF-κB and APE-1 warranted exploration. p65 is one of the key subunits of NF-κB, and it has been reported that the phosphorylation of p65 has been another pathway of activation of NF-κB that is independent of IκB. (18) Moreover, the nuclear localization sequence of p65 (p65-NLS/active p65) may be useful in monitoring overall NF-κB activity in esophageal cancer tissue. (19) Therefore, exploring the relationship between APE-1 and p65 would shed light on the regulatory mechanism of APE-1. Monocyte chemoattractant protein-1 (MCP-1/CCL2), a member of the C-C chemokine family, is involved in macrophage infiltration and cancer progression and studies have confirmed that MCP-1 activates the NF-κB pathway. (20) In our study, we also investigated the effect of MCP-1 on p65 and APE-1 in esophageal cancer in vitro and in vivo. Immunohistochemical analysis of APE 1, p65, p65 NLS and MCP 1. The expression of APE-1, p65, p65-NLS and MCP-1 was assessed by immunohistochemical analysis. Briefly, 4-μm sections were deparaffinized, antigens were retrieved by microwaving for 5 min in 5% urea solution, and endogenous peroxidase activity was blocked with 3% H2O2 in methanol. The samples were incubated overnight at 4°C with rabbit anti-human APE-1 antibody (diluted 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human p65 antibody (diluted 1:1000; Abcam, Cambridge, UK), mouse anti-human p65-NLS antibody (diluted 1:200; Abcam), and rabbit anti-human MCP-1 antibody (diluted 1:100; Abcam). After washing, the secondary antibody was detected by LSAB 2 kit (DAKO, Glostrup, Denmark) using diaminobenzidine as the chromogen. For the negative control, primary antibodies were replaced with isotype-matched immunoglobulin.
Materials and Methods

ESCC tissues.
Colocalization of APE-1 and p65-NLS were confirmed by fluorescence double immunostaining. Briefly, the samples were incubated with primary antibodies; rabbit anti-human APE-1 (diluted 1:20; Santa Cruz) for 1 h and mouse anti-human p65-NLS (diluted 1:20; Abcam) for 1 h, then with secondary antibodies; goat anti-rabbit labeled with TRITC and goat anti-mouse labeled with FITC, followed by nuclear counterstaining with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO).
The immunostaining scores were assessed by two independent pathologists. For APE-1, immunoreactivity was determined by the proportion of positive nuclei or cytoplasm to total cell number in Fig. 1 . Representative immunohistochemical findings in ESCC tissue (×200). APE 1 was found primarily in cancer cells with nuclear localization (A). APE 1 was found in cancer cells with cytoplasmic localization (B). In paracancerous tissues, APE 1 was weak (C). MCP 1 was found in cancer cells exclusively with cytoplasmic localization (D). p65 was found in cancer cells with both cytoplasmic localization and nuclear localization (NLS) (E, F).
representative areas of the cancer tissue. Sides were evaluated by counting at least 1000 cells (mononuclear cells) in four different areas of the specimens (APE-1 positive cells were classified according to nuclear staining and cytoplasmic staining). For p65 and p65-NLS, both the distribution and the intensity of staining were assessed in a semiquantative fashion. The distribution was scored according to the number of positive cells: none (not stained), 0; focal (<1/3 of cells stained), 1; multi-focal (1/3-2/3 of cells stained), 2; and diffuse (>2/3 stained), 3. The staining intensity was scored as: none (not stained), 0; mild, 1; and strong, 2 (clearly identified by ×40 magnification). Scoring for p65 and p65-NLS was determined based on the distribution and intensity as follows; 0, negative; 1, weakly positive; 2, mildly positive; 3 or 4, moderately positive; and 5, strongly positive.
(21) For MCP-1, sections with more than 30% positive cells were considered as positive, while sections with 30% or less positive cells were considered as negative, as described previously. (22) Cell culture and drugs. The ESCC cell line KYSE220 (purchased from the National Institute of Biomedical Innovation, Osaka, Japan) was maintained in RPMI 1640 (Nikken Bio Medical Laboratory, Kyoto, Japan) supplemented with 10% fetal bovine serum (Nippon Bio-Supply Center, Tokyo, Japan) at 37°C in 5% CO2. Group 1 received no treatment and served as control, group 2 was treated with MG-132 (1 μM, 6 h), group 3 was stimulated by hr MCP-1 (0.1 μM, 24 h) without pretreatment of MG-132, and group 4 was stimulated with MCP-1 following MG-132 treatment. Then, 5-FU (0, 10, 20, 40, 80 μl/ml) were added into the KYSE220 cell cultures with or without p65 siRNA pretreatment for 48 h.
Western blot analysis of APE 1 and p65 protein expres sion levels in treated KYSE220 cells. Stimulated KYSE220 cells were lysed in a buffer solution containing 0.1% NP-40, 10 nM NaCl, 5 mM MgCl2, 10 nM NaH2PO4 (pH 7.4), 65 mM Na-orthovanadate (S-6508, Sigma-Aldrich, St. Louis, MO), and protease inhibitor cocktail (P-8340, 1:100; Sigma-Aldrich) and centrifuged at 1200 g for 15 min. After centrifugation, nuclei were pelleted and suspended in nuclear buffer (1 mM EDTA, 3.5% SDS, 10% glycerol, and 70 mM Tris-Cl). APE-1 and p65 proteins were visualized by western blotting. Briefly, equal amounts of protein (20 μg) were analyzed by SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked with 5% nonfat milk in TBST and incubated overnight at 4°C with rabbit anti-APE-1 (diluted 1:200; Santa Cruz), mouse anti-NFκB p65 (diluted 1:200; Santa Cruz) and mouse anti-β-actin (diluted 1:1000; Sigma) antibodies, and after washing the membranes were incubated with peroxidase-conjugated secondary antibodies (diluted 1:1000; GE Healthcare, Little Chalfont, UK) for 1 h at room temperature. Electrochemiluminescence (ECL; GE Healthcare) was used for detection of APE-1 and p65 proteins. Immunoblotting results were quantitatively analyzed by scanning the image and quantitating pixels using the ImageQuant program (GE Healthcare).
Real time PCR of APE 1 expression levels in treated KYSE220 cells. Real-time quantitative PCR was performed to detect mRNA expression of p65 and APE-1 in treated KYSE220 cells. Briefly, RNA extracted from these cells was reversetranscribed, and subsequently cDNA was amplified using a 7500 Fast real-time PCR system (Applied Biosystems, Tokyo, Japan) with primers, dual-labeled fluorogenic probes, and a Taqman PCR Reagent kit (Applied Biosystems). The primers and probes for NF-κB-p65 (Accession numbers: HSS 109161; Invitrogen Corp., Paisley, UK), APE-1 (Accession number: Hs00172396-ml*) and β-actin (Accession number: Hs99999903-ml*) were purchased from Applied Biosystems in USA. Known concentrations of serially diluted cDNA (from KATO III) were used as standards for quantification of sample cDNA. Copy numbers of cDNA for p65, APE-1 were standardized to that of β-actin for the same sample.
RNA interference (RNAi) for p65 in KYSE220 cells.
For siRNA transfection, KYSE220 cells were inoculated at a density of 6 × 10 4 /ml in RPMI-1640 medium without 10% fetal bovine serum and antibiotics. A cell suspension of 1.0 ml per well was seeded in 24-well plates. The siRNAs were synthesized corresponding to human NF-κB-p65 (Accession numbers: HSS 109161; Invitrogen Corp.), and one nonsilencing siRNA was also supplied.
Transfection of siRNAs into KYSE220 cells was performed using Lipofectamine RNAiMAX (Invitrogen Corp.). Briefly, 6-12 pM siRNAs (final concentration 10-20 nM) and 1.5 μl of Lipofectamine were used for each well. siRNAs and Lipofectamine were first diluted in Opti-MEM I Reduced Serum Medium (Invitrogen Corp.) respectively, and then, mixed and incubated for 20 min at room temperature for complex formation. Next, the entire mixture was added to the cells in the wells. At 24 h after transfection, the cells of 24-well plates were used for real-time PCR for APE-1.
Assessment of apoptosis. To evaluate apoptosis, stimulated-KYSE220 cells were treated with terminal deoxynucleotidyl transferase (TdT) enzyme and incubated in a humidified chamber at 37°C for 1 h. Apoptosis was evaluated using terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay analysis (ApopTag; Oncor, Gaithersburg, MD). To evaluate the degree of apoptosis, the number of TUNEL-positive cells was counted within a ×400 field. Four fields were selected to determine the average score count. Data were expressed as the mean percentage of total cell number (apoptotic index).
Statistical analysis. Mann-Whitney U test was used for analysis of categorical data. One-way ANOVA was used for multiple comparisons. Spearman rank correlation test was used to determine the correlation of MCP-1 with p65, p65-NLS and APE-1. Results were expressed as the mean ± SD, and a p value less than 0.05 was considered a statistically significant difference.
Results
Expression of APE 1, MCP 1, p65, p65 NLS in ESCC tissue, and of APE 1 in adjacent non tumor tissue. In human ESCC tissue samples, the nuclear and cytoplasmic localization of APE-1 were observed in 89.6% (60/67) and 11.4% (7/67) of all tissue samples, respectively (Fig. 1A and B) . In contrast, in adjacent non-tumor tissue, APE-1 was weakly expressed and localized in nuclei of squamous epithelium (Fig. 1C) . MCP-1 was found exclusively in the cytoplasmic compartment of cancer cells (Fig. 1D) , while p65 was found in both the cytoplasmic (Fig. 1E ) and nuclear compartments of cancer cells (p65-NLS, Fig. 1F ).
The tissue samples were divided into two groups according to MCP-1 positivity or negativity. The levels of APE-1, p65 and p65-NLS expression in the MCP-1-positive tissue samples were significantly higher than in the MCP-1-negative tissue samples (p<0.001; p = 0.001; p<0.05, respectively) ( Fig. 2A, B and C) . In addition, we found that MCP-1 correlated with p65, p65-NLS and APE-1 expression (p = 0.001; p<0.05; p<0.001, by Spearman rank correlation test, respectively). Moreover, we also investigated the colocalization of APE-1 and p65-NLS by fluorescence double immunostaining. FITC labelled (green) cells in ESCC tissue samples in Fig. 3A show p65 immunoreactivity. Fig. 3B shows APE-1 positive cells labelled with Texas red for the same section. Fig. 3C shows DAPI staining. Double immunostaining (yellow cells) for p65-NLS and APE-1 could be seen in the nuclei of cancer cells (Fig. 3D ).
p65 and APE 1 mRNA and protein levels of expression in MCP 1 stimulated KYSE220 cells with or without MG 132 pretreatment. To determine whether MCP-1 could induce p65 and APE-1 expression, we evaluated p65 and APE-1 mRNA and protein levels in MCP-1-stimulated KYSE220 cells with or without MG-132 pretreatment. p65 and APE-1 mRNA levels were significantly upregulated in MCP-1-stimulated KYSE220 cells compared to unstimulated KYSE220 cells or MG-132-treated KYSE220 cells (p<0.001; p<0.001, respectively). In addition, pretreatment with MG-132 abrogated the upregulation of p65 and APE-1 mRNA levels induced by MCP-1 in KYSE220 cells (p<0.001; p<0.001, respectively; Fig. 4A and B) . In similar tendency, p65 and APE-1 protein levels were significantly upregulated in MCP-1-stimulated KYSE220 cells compared to unstimualted KYSE220 cells (Fig. 5) . Then, pretreatment with MG-132 significantly reduced the upregulation of p65 and APE-1 proetin levels induced by MCP-1 in KYSE 220 cells (Fig. 5) .
mRNA Expression of APE 1 in KYSE 220 cells Treated with p65 siRNA. To determine the role of p65 in the regulation of APE-1 expression, we evaluated APE-1 mRNA in KYSE220 cells treated with p65 siRNA. Treatment with p65 siRNA nearly eliminated p65 mRNA expression. Also, 10 nM and 20 nM p65 siRNA significantly inhibited APE-1 mRNA expression compared to unstimulated cells or cells treated with nonsilencing siRNA (p<0.001; p<0.001, Fig. 6A and B) .
Apoptotic Index in 5 FU incubated Esophageal Cancer
Cell lines Treated with p65 siRNA. To clarify whether the APE-1-p65 pathway was associated with sensitivity to chemotherapy, we investigated the apoptotic index in 5-FU-incubated KYSE220 cells with or without p65 siRNA. p65 siRNA treatment significantly increased the apoptotic index in 5-FU (40 and 80 μl/ml)-treated KYSE220 cells compared to cells without p65 siRNA (Fig. 7) .
Discussion
In this study, we aimed to investigate the expression of APE-1 in ESCC tissues and to determine whether APE-1 was induced by activation of NF-κB in ESCC cells. Our major findings are: (1) APE-1 was overexpressed and found primarily with nuclear localization in ESCC tissue; (2) APE-1 and p65-NLS were colocalized in the nuclei of cancer cells in ESCC tissue; (3) MCP-1 induced a significant increase in p65 and APE-1 mRNA and protein expression levels in KYSE220 cells; (4) Inhibition of NF-κB with MG-132 significantly abrogated the upregulation of p65 and APE-1 induced by MCP-1 in KYSE220 cells; and (5) Knockdown of p65 by siRNA significantly inhibited APE-1 mRNA expression and significantly increased the apoptotic index First, immunohistochemical analysis of ESCC tissue showed that APE-1 was weakly expressed in adjacent non-tumor tissue whereas nuclear localization of APE-1 expression was observed in 89.6% of ESCC tissue samples, indicating that APE-1 is overexpressed in ESCC tissue. Esophageal carcinogenesis induced by ethanol and smoking is closely related to the metabolism of ethanol, acetaldehyde and acetate, and the carcinogens in smoking, such as polycyclic aromatic hydrocarbons and Nnitrosamines, respectively. These factors generate cytokines, prostaglandins, and ROS in the esophageal tissue, which damage biomolecules including DNA, leading to activation of oncogenes and/or inactivation of tumor suppressor genes, and finally to tumor development by creating a local microenvironment that facilitates neoplastic transformation and potentiates the progression of cancer. (23, 24) The host response to free radical-induced damage includes the induction of DNA repair enzymes, including APE-1. The overexpression of APE-1 in ESCC tissues may be associated with chemoradiotherapy resistance and a poor outcome. (8) Considering that p65 siRNA treatment significantly reduced APE-1 mRNA levels while increasing the apoptotic index in 5-FU-treated KYSE220 cells, the APE-1-p65 pathway might be associated with apoptosis in 5-FU-treated esophageal cancer cells. In addition, the cytoplasmic localization of APE-1 was observed in 10.4% of ESCC tissue samples, but not in adjacent non-tumor tissue. The inability of APE-1 to translocate into the nuclei has been frequently observed in the tumorigenesis of some malignancies. Kakolyris et al. (25) found APE-1 expression was cytoplasmic in 11 of 30 adenomas (37%) and 22 of 44 carcinomas (50%). Wu et al. (26) recently demonstrated that cytoplasmic APE-1 expression promoted lung tumor aggressiveness via NF-κB activation. Nuclear APE-1 functions as DNA repair, and cytoplasmic APE-1 is involved in the interaction with certain transcription factors through its redox activity, such as p53, hypoxia-inducible factor-1α, NF-κB and so on. (27) (28) (29) Therefore, the localization of APE-1 in the cytoplasm found in ESCC tissues may prompt the aggressiveness, metastasis, and angiogenesis of cancer.
We then investigated the interaction of p65, one of the key subunits of NF-κB, with APE-1. In this study, p65 siRNA treatment significantly inhibited APE-1 expression in KYSE220 cells. In double immunostaining, we could find the colocalization of p65-NLS and APE-1 in esophageal cancer tissue. Tian et al. (17) confirmed that p65 had DNA-binding activity when it was translocated to the nucleus. In addition, γ-H2AX is a sensitive marker for the quantification of DNA damage and repair processes, and a study showed γ-H2AX decreased after 2 h of DNA damage in p65-positive cells, while this signal persisted for 12 h in cells lacking p65, indicating p65 might bind to DNA repair genes and regulate its expression. (30) Further studies will be needed to clarify the precise interaction between p65 and APE-1 in esophageal cancer tissue. In our immunohistochemical analysis data, we found that MCP-1 positivity correlated with p65, p65-NLS and APE-1 expression. Subsequently, in KYSE220 cells, MCP-1 increased both p65 and APE-1 mRNA and protein expression levels. In addition, in our study, MG-132, an NF-κB inhibitor, abrogated the upregulation of p65 and APE-1 mRNA and protein levels induced by MCP-1. Ohta et al. (22) have reported that MCP-1 expression was also linked to poor prognosis in esophageal cancer. Viedt et al. (20) have reported that MCP-1 was linked to the activation of NF-κB with stimulating binding activity of NF-κB. Considering our data and a previous study, the downregulation of MCP-1 might also be an important strategy in preventing the development of esophageal cancer. Finally, previous studies have revealed that alcohol and smoking could induce MCP-1 expression in cancer tissues.
(31,32) Therefore, we speculate that alcohol and smoking induces the release of MCP-1 in tissue, which in turn activates p65 in the cytoplasm. After upregulation, phosphorylated p65 is translocated into the nucleus, binding to the promoter, and ultimately regulating the transcription of APE-1 or other target genes.
In conclusion, our study demonstrates that APE-1 is overexpressed with primary nuclear localization in ESCC tissues. As a downstream target in the NF-κB signaling pathways, APE-1 is partly regulated by p65 in human ESCC cells. MCP-1 plays a role in the activation of NF-κB and APE-1. Our study suggests that both MCP-1 and the APE-1-p65 pathway are potential therapeutic targets for the treatment of ESCC. However, the precise mechanism regulating the expression of APE-1 via p65 needs further clarification.
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